Increased levels of mRNA transcribed from the ob gene in adipose tissue of obese/hyperinsulinaemic Zucker (fa/fa) rats were detectable as early as 3 weeks after birth and continued to rise there after in parallel with body weight and serum insulin. mRNA levels of two other fat-specific genes (ARL4, FST44) were unaltered. In C57BL/KsJ db/db mice, ob mRNA levels also increased in parallel with body weight and serum insulin, and remained elevated in older animals when insulin levels decreased. In heterozygous control animals (db/+ ; fa/Fa), mRNA levels were comparable with those in the homozygous controls. In normal Sprague Dawley rats, the ob mRNA increased continuously, but more slowly than in Zucker rats, in parallel with body weight and insulin levels, and reached 15 times higher levels in the heaviest rats (400 g) studied. In Sprague Dawley rats made diabetic by an injection of streptozotocin, ob mRNA levels were reduced by approximately 50 % after 24 h. A 24-h fasting period reduced the ob mRNA by 50 % in lean Sprague Dawley and Fa/Fa, but not in obese Zucker fa/fa rats, although insulin levels were reduced in both groups. These data indicate that ob mRNA levels increase in both normal and obese rodents in parallel with age, body weight and serum insulin, reflecting an early (Zucker rats, db-mice) or slowly developing (Sprague Dawley rats) resistance to leptin and insulin. This increase does not appear to be mediated by the recently described rapid regulation of ob mRNA by insulin, but seems to be due to a different, long-term control mechanism which signals the size of the fat depots. [Diabetologia (1996) 39: 758-765] Keywords Leptin, ob gene, gene expression, insulin resistance, obesity.
to be secreted from adipose tissue. In the obese litter mates (ob/ob) of the C57BL/6J strain, a nonsense mutation in codon 105 of the ob gene generates an inactive protein which is responsible for excessive overeating, obesity and secondary metabolic alterations, e.g. a marked insulin resistance. Furthermore, mRNA levels of the ob gene are 20 times higher in the obese mice than their lean litter mates, indicating that the lack of active leptin produces a counterregulatory increase in its gene expression. More recently, it has been shown that wild-type leptin indeed reduces food intake in ob/ob mice [3] [4] [5] . Thus, leptin appears to be the crucial mediator in the feed-back control between adipose tissue and feeding behaviour.
Data from obese patients indicate that ob mRNA levels are increased in approximate proportion with the body mass index [6] . So far, in none of these patients has a mutant leptin gene been found, suggesting that the increase in ob mRNA levels is secondary to a reduced sensitivity to leptin. Increased levels of leptin mRNA have also been found in two strains of obese rats, the Zucker rat fa/fa and the Otsuka Long Evans Tokushima fatty (OLETF) rat [7] . The cDNA sequence of leptin was normal in these strains, and neither of them carries a mutation near the ob locus. Thus, their obesity appears to reflect a malfunction of the adipose tissue/ventromedial hypothalamus (VMH) feed-back regulation, possibly due to a defective leptin receptor. A similar conclusion has previously been drawn for the db/db mouse on the basis of parabiosis experiments which indicated that the obese animals produced an excess of an anorexigenic factor which could inhibit overeating of the ob/ob mouse [8] . Recently, this assumption was supported by the finding that mRNA levels of leptin were markedly elevated in the db/db mouse [9] .
The discovery of leptin has raised several important questions related to its function and also to the regulation of its synthesis. Therefore, we have studied mRNA levels of leptin in adipose tissue from morbidly obese (C57BL/KsJ db/db, KK, NZO mice, Zucker fa/fa rats) and normal rodents (Sprague Dawley rats) in order to describe both long-term and rapid alterations. Based on the assumption that a defective leptin receptor in db/db mice and Zucker rats gives rise to elevated ob mRNA levels, we studied the time course of this elevation during the development of the metabolic syndrome in order to determine its onset and to correlate it with other parameters. In order to evaluate a possible rapid regulation of the ob gene expression, the effects of fasting and streptozotocin diabetes were studied. The data indicate that leptin mRNA levels increase in obese rodents in parallel with age, body weight and serum insulin, reflecting an early (Zucker rats, db-mice) or slowly developing (Sprague Dawley rats) resistance to leptin and insulin. Furthermore, the data suggest that this increase does not appear to be mediated by the recently described rapid regulation of ob mRNA by insulin [10, 11] , but seems to be due to a different, long-term control mechanism which signals the size of the fat depots.
"Principles of laboratory animal care" (NIH publication No. 85-23, revised 1985) were followed, and approval for the animal experiments, where necessary, was obtained from the Institution of Animal Care and Use at the University of Tampere, Finland, and the Regierungspr~isident Diisseldorf, Germany.
Preparation of RNA. Animals were killed by decapitation, and subcutaneous, perirenal and gonadal fat was dissected and immediately frozen in liquid nitrogen. The samples were homogenized with a Polytron homogenizer in 4 mo[/1 guanidine thiocyanate supplemented with 7% mercaptoethanol. Lysates were layered on a cesium chloride cushion (5.88 mol/1) and centrifuged at 28 000 rev/min (rotor SW40) for 29 h at 20~ Pelleted RNA was dissolved with 300 ~tl sodium acetate/tris buffer, and was neutralized by addition of 50 ~tl 2 mol/1 potassium acetate (pH 5.5).
Preparation of a partial ob cDNA. Total RNA was isolated from 3T3-L1 cells as described previously [13] , and 486 base pairs of the coding region of the ob gene were amplified by polymerase chain reaction (PCR) with total RNA from differentiated 3T3-L1 cells [13] as the template (upstream primer 5'-CTG TGT CGG TTC CTG TGG-3'; reverse primer 5'-GCA TI'C AGG GCT AAC ATC-3'). The reaction product was separated on agarose and subcloned into the SmaI site of pUC19 (Sureclone kit: Pharmacia; Freiburg, Germany). Plasmid DNA was prepared and digested with BamHI/EcoRI in order to isolate the ob cDNA.
Northern blot analysis. Samples of total RNA (15 ~tg) were separated by electrophoresis on 1% agarose gels containing formaldehyde and transferred onto nylon membranes (Hybond N + ; Amersham-Buchler, Braunschweig, FRG). Before transfer, gels were stained with ethidium bromide in order to ascertain that equal amounts of total RNA had been separated. Probes were generated with the Klenow fragment of DNA polymerase I and [c~-32P]dCTP from the partial ob cDNA by random oligonucleotide priming [14] . The nylon membranes were hybridized at 42~ and blots were washed twice with 0.12mol/1 NaC1/0.012mol/1 sodium citrate/0.1% SDS and once with 0.015 mol/1 NaC1/0.0015 mol/l sodium citrate/0.1% SDS. Autoradiographs were analysed with the LKB2400 laser densitometer and the software GelScan XL 2.0 from Pharmacia.
Other assays. Serum immunoreactive insulin was assayed with RIA kits from Pharmacia. Purified rat insulin (Novo Research Institute, Bagsvaerd, Denmark) was used as standard. Blood glucose was determined by an automated glucose oxidase method (Care Diagnostica, Voerde, Germany).
Results

Materials and methods
Animals.
Mutant strains (C57BL/KsJHl-db/db, ZuckerHl-fa/ fa, NZO, KK, NON) were bred in the Diabetes Research Institute, Diisseldorf. Sprague Dawley rats were bred in the colony of the Institut ftir Versuchstierkunde, Aachen. All animals were fed a standard laboratory diet and had free access to food and water. Homozygous and heterozygous db/db mice and Zucker rats were identified by their breeding record. Sprague Dawley rats were rendered diabetic by a single injection of streptozotocin (65 rng/kg) as described previously [12] . The Elevated levels of mRNA of the ob gene in four strains of obese/hyperinsulinaemic mice. Northern blot hybridization of a mouse ob cDNA probe with total RNA from adipose tissue yielded the anticipated single band at 4.5 kb [2] . Very low levels of ob mRNA were detected in lean control mice (KsJ +/+, homozygous controls of the C57BL/KsJ strain). As was reported previously [9] , mRNA levels were approximately 10 times higher in the obese litter mates (db/ db, Fig. 1 ). High levels of leptin mRNA were also (Fig. 1 ). Note that in KK, N Z O and N O N mice, the obese-hyperglycaemic syndrome is believed to be polygenic, and that normal congenic lines are not available for comparison. Thus, the lean litter mates of the db-mice (KsJ + / + ) have to be used as controls for the polygenic mutants.
Since the data as presented in Figure 1 are normalized per total R N A , the possibility has to be considered that obesity is paralleled by an increase of all m R N A species, or of the fat-specific m R N A species, in relation to the ribosomal R N A . Thus, in order to demonstrate the specificity of the observed increase, we assayed the levels of two other fat-specific transcripts which were recently cloned in our laboratory: the ras-related GTPase A R L 4 [13] and a partial c D N A sequence designated FST44 (Becker et al., unpublished data). As is illustrated in Figure 1 , levels of A R L 4 m R N A were somewhat variable, but were not significantly elevated in any of the obese/hyperglycaemic mice. Similarly (data not shown), FST44 m R N A levels were unaltered in the obese animals. Table 1 summarizes the characteristics of the obese/hyperinsulinaemic animals in order to identify parameters which might predict, and thus be linked to, the elevation in ob m R N A levels. There was no apparent correlation between blood glucose or insulin levels and ob m R N A , since both parameters were normal in the N O N mice in spite of a three-fold increase in ob m R N A . In this experimental series, the best predictive p a r a m e t e r for the elevation of the ob gene expression appeared to be the body weight, i.e. the adipose tissue mass, of the animals.
It appears reasonable to assume that the increase in the ob gene expression in the db mice reflects a resistance to its product, leptin, and is a consequence of the hyperphagia and/or insulin resistance. Based on this assumption, we expected to find normal levels of leptin m R N A in heterozygous controls, since they exhibit a normal phenotype as far as hyperphagia and insulin levels are concerned. Indeed, as is depicted in Table 2 , m R N A levels in the heterozygous animals (db/+ ) were similar to those in the homozygous controis. The small and insignificant difference was probably due to the greater age and weight of the heterozygous controls. Thus, the normal allele can fully compensate for the effect of the defective gene on obesity and ob gene expression. Furthermore, similar data were obtained in the obese/hyperinsulinaemic Zucker rat (fa/fa). In these rats, it has been previously shown that ob m R N A levels are increased as compared with lean controls [7] . The data depicted in Table 2 extend these findings by showing that leptin m R N A levels are comparable in homozygous and heterozygous controls.
Time course o f the increase in ob m R N A levels in
C57BL/KsJdb/db mice. In order to further investigate the relation between the ob gene expression, body weight, blood glucose and serum insulin levels, these parameters were determined in db/db mice of different ages (3, 4, 6 and 18 weeks). As is shown in Figure 2 , ob m R N A levels were significantly Figure 1 . Each data set are means + SD of samples from three different animals increased at the earliest time point analysed (3 weeks). Thus, the effect appears to represent a very early event in the development of the metabolic disturbances in the db mouse. Similarly, hyperinsulinaemia and consequently insulin resistance were detectable at the earliest time point analysed, mRNA levels of leptin continued to rise thereafter (Fig. 2 , panel B) and reached a plateau at 18 weeks. Insulin levels, in contrast, were markedly decreased due to the exhaustion of the islet organ [15] in the older animals (18 weeks). Blood glucose levels were normal at 3 and 4 weeks, and were significantly increased there after. As was anticipated from the previous experiments, levels of ARL4 were unaltered throughout (data not shown).
Time course of ob mRNA levels in adipose tissue from
Zuckerfa/fa rats. Figure 3 illustrates a time course for the development of obesity and mRNA levels of leptin in relation to the hyperinsulinaemia in Zucker rats. As in the db mice, mRNA levels of leptin were significantly elevated at the earliest time point analysed (3 weeks) and continued to rise thereafter. In parallel, hyperinsulinaemia developed in the obese rats (Panel B). Unlike the db mice, the Zucker rats had normal blood glucose levels throughout (panel D) as has been reported previously [16] .
Relation between body weight and leptin mRNA levels in adipose tissue of Sprague Dawley rats. Aging Sprague Dawley rats develop obesity and a moderate hyperinsulinaemia, and have previously been used as a model of insulin resistance [17] . Therefore, we studied adipose tissue from normal Sprague Dawley rats of different weights. As is illustrated in Figure 4 , there was an almost proportional increase in ob mRNA levels with body weight. Similarly, levels of serum insulin increased roughly in parallel with the body weight ( Table 3 ). Both ob mRNA and insulin levels in the highest weight group (400 g) were still considerably lower than those in 300 g Zucker rats. It should be noted, however, that a direct comparison of age and weight between Sprague Dawley and Zucker rats is inappropriate because of their largely different growth rate. As is shown by a comparison of the body lengths at 13 weeks, Sprague Dawley rats grow much faster than the Zucker rats (Zucker rats, 17.5 cm; Sprague Dawley rats, 30 cm).
Effects of fasting on leptin mRNA levels in adipose tissue of normal and Zucker fa/fa rats. Recently, it was described that fasting produces a rapid decrease of leptin mRNA levels in rat adipose tissue which was probably mediated by a decrease in the serum insulin [10] . Confirming this finding, we obtained similar The same experiment was performed with obese Z u c k e r rats and their lean controls (Fig. 5) . Surprisingly, fasting failed to significantly affect leptin m R N A levels in the obese animals, whereas the expected 50 % decrease was seen in the lean controls.
Note, however, that the absolute levels in the obese animals were much higher than those in the lean controls. As anticipated, fasting resulted in a reduction of serum glucose and insulin levels in both normal and obese animals.
Effect of streptozotocin-diabetes on ob m R N A levels in adipose tissue of normal rats.
In order to further characterize the relation b e t w e e n serum insulin and ob m R N A levels, the effect of an experimental reduction of insulin levels by the diabetogenic agent streptozotocin was studied. Streptozotocin reduced ob m R N A levels by approximately 65 % (Fig. 6, upper  panel) , whereas the levels of m R N A of A R L 4 were unaltered. Similar data demonstrating a marked decrease in leptin m R N A levels 5 days after injection of streptozotocin were very recently published by others [11] . Extending these findings, the lower panel of Figure 6 illustrates a time course of the effect of streptozotocin. Rats were rendered diabetic by injection of the agent, and ob m R N A levels were assayed 1, 2, 4, 8 and 16 days after the injection. The ob m R N A was reduced as early as 1 day after injection, in parallel with the steep increase in blood glucose which reflects the abolition of insulin secretion from the endocrine pancreas. N o further decrease in ob m R N A was observed after the first day of diabetes. Thus, the experiment revealed a relatively rapid regulation of ob m R N A in response to the streptozotocin diabetes.
Discussion
The role of leptin as a major regulator of food intake has recently been established convincingly by the finding that exogenously applied leptin reduces the [4] . In addition, the finding t h a t m R N A levels of leptin in m i c e carrying the n o n s e n s e m u t a t i o n are m a r k e d l y e l e v a t e d s u g g e s t e d a c o u n t e r r e g u l a t o r y c o n t r o l via the ob gene e x p r e s s i o n [2] . E x t e n d i n g these earlier findings, the p r e s e n t d a t a i n d i c a t e that m R N A levels transcribed f r o m the ob g e n e are r e g u l a t e d by longt e r m a d a p t a t i o n , in a p p a r e n t c o r r e l a t i o n with the size of the fat depots, as well as t h r o u g h rapid control m e c h a n i s m s in n o r m a l a cDNA. The data are means + SD from three animals. C" Time course of the effect of streptozotocin. Total RNA was isolated at the indicated time points after injection of streptozotocin, and was probed with mouse ob cDNA. Each data point was obtained with at least two animals S p r a g u e D a w l e y rats. Thus, an increase in the ob g e n e e x p r e s s i o n a n d c o n s e q u e n t l y resistance to leptin n o t o n l y o c c u r s in rare m u t a n t s o f early obesity b u t also d u r i n g the c o u r s e o f aging in ' n o r m a l ' rodents. T h e s e findings are c o m p a t i b l e with the p r e v i o u s hypothesis [2] that leptin, the product of the ob gene, is a crucial component of a feed-back mechanism controlling body weight through feeding behaviour, and that it is the size of the adipose tissue stores that controls the feed-back inhibition of food intake. The present data and two recent studies [10, 11] indicate that leptin mRNA levels are also rapidly regulated as in fasting or streptozotocin-treated animals, presumably through alterations of the serum insulin levels. Blood glucose levels can be ruled out as a factor regulating the expression of the ob gene, because the time course of the metabolic syndrome in the db/ db mouse indicated that hyperglycaemia emerged much later than the increase in leptin mRNA levels. In addition, fasting and streptozotocin produced similar effects on leptin mRNA levels, but opposite effects on serum glucose. By the same token, we believe that serum lipids which are elevated in streptozotocin-diabetic animals are unlikely candidates for the regulation of the ob gene expression. Insulin levels, however, were altered in parallel with mRNA levels of leptin in fasting and streptozotocin diabetes. Thus, it appears safe to conclude that insulin, or a parameter of adipocyte metabolism controlled by insulin, mediates the short-term regulation of the ob gene expression.
Two key findings of the present study suggest that the long-term increase in ob mRNA levels observed in the obese rodents can be dissociated from alterations of the serum insulin levels. Leptin mRNA levels remained elevated in older db/db mice in spite of a dramatic decrease in serum insulin. Secondly, fasting decreased serum insulin levels in Zucker rats but failed to produce a reduction in leptin mRNA levels proportional to that seen in the controls. Thus, we suggest that the age and weight-dependent increase in leptin mRNA levels in the obese rodents is unrelated to the rapid regulation exerted by serum insulin levels, and reflects an additional long-term control mechanism which signals the size of the fat depots.
Both db mice and Zucker rats represent models for the study of obesity and insulin resistance [18] [19] [20] . It is well established that these strains carry mutations in homologous genes [21] and that differences in the severity of the diabetes are due to the different genetic backgrounds of these mutants. It appears reasonable to conclude on the basis of the present and previous data [8] that both strains are resistant to leptin and develop hyperphagia and obesity because of this defect, and that the continuous increase in the ob gene expression is secondary to the leptin resistance. Consequently, one would have to conclude that all other metabolic alterations observed in the obese animals, in particular insulin resistance, are secondary to hyperphagia. The present data indicate, however, that the marked elevation in mRNA levels of leptin in the obese litter mates started at an early age at which hyperphagia is hardly noticeable. Hyperinsulinaemia, i.e. insulin resistance, appeared to start at a similar time point and roughly paralleled the ob gene expression thereafter. Thus, whereas the increases in serum insulin and the ob gene expression appear to coincide, the role of hyperphagia as a cause of both alterations is not entirely clear. Interestingly, leptin appears to exert metabolic effects independent of the reduction of food intake, since the lowest doses applied in ob/ob mice normalized blood glucose and body temperature but failed to reduce food intake [3] . Thus, it is tempting to speculate on a peripheral action of leptin which controls both insulin sensitivity and body temperature.
